Abstract-In this letter, a compact model for the dc current and capacitance of organic thin-film transistors is proposed. This model is based on the variable-range hopping-transport theory, and the double-exponential density-of-state function is assumed. The presented model can accurately describe the current from subthreshold regime to linear and saturation regime via a single unified formulation. Good agreement between the theoretical calculation and measurements of pentacene field-effect transistor is found. The application of this compact model on circuit simulation is also presented.
I. INTRODUCTION
O RGANIC thin-film transistors (OTFTs) have emerged as a viable and important technology for low-cost large-area integrated circuits. The prospective improvements in organic semiconductor technology depend on good understanding of the device physics. As opposed to the charge-transport model in silicon, the charge-transport mechanism in organic semiconductors has been explained by invoking the hopping of charges between localized states [1] . A general feature of charge transport in organic semiconductors is that the mobility becomes temperature and carrier-concentration dependent [2] , [3] . The carrier-concentration-dependent mobility has been expressed as μ ∝ n γ , or effective mobility μ eff ∝ V γ gt [2] , where n is the carrier concentration, V gt is the difference between gate voltage V g and threshold voltage V t , and γ is the material parameter that is linearly dependent on temperature. However, this model has been criticized because the experimental data demonstrated that different behavior was observed at different carrier concentration for some hole-transporting materials [4] . In addition, we find that this model cannot reproduce the current from the below-threshold regime to linear and saturation regime. In this letter, we formulate a compact model based on the doubleexponential density-of-state (DOS) function, which can explain the discrepancy of the concentration-dependent mobility at different gate voltages. Our model can accurately describe belowthreshold and linear and saturation regimes operating via a single formulation. This makes this model very applicable in analog circuit simulation. The test of this compact model is also done by simulating an inverting-amplifier characteristic. 
II. MODEL THEORY

A. Static Drain-Current Model
In various disordered organic systems, a pure Gaussian DOS can be assumed as [1] g
Here, N t is the number of states per unit volume and E is the energy; σ 0 is the measure for the disorder and typically varies from 0.1 eV for more ordered semiconductors to 0.25 eV for more disordered semiconductors [1] . At low carrier concentration and low temperature, the transport properties are determined by the tail of (localized) states, so, an exponential DOS is a good approximation of Gaussian DOS as [2] g(
with k B as the Boltzmann constant and T 0 as the parameter indicating the width of the distribution function. Connecting (2) and the hopping-transport theory [2] , Vissenberg and Matters developed an effective mobility μ eff model for an organic semiconductor, i.e.,
where V gs is the gate-source voltage and V t is the threshold voltage. This model has been widely used to describe the organic thin-film transistor (OTFT) characteristics [2] . However, when the gate voltage scans from deep subthreshold to strong accumulation, the Fermi level scans through the DOS over an energy range on the order of 1 eV, i.e., spanning many times σ 0 . In this case, the single exponential approximation of Gaussian DOS is not accurate any more, as shown in Fig. 1 . For the purpose of modeling devices where the Fermi level can scan over a wide part of the Gaussian DOS, such as a TFT, we propose to approximate the Gaussian DOS by a sum of two exponentials
The first part of g(E) describes the deep tail states, and the second one describes the states in the higher concentration (E d is the depth); N t , N d , T 0 , and T 1 are state concentration and the distribution function width, respectively. A detailed theoretical description about the different DOS at different carrier concentration regime was also discussed in [5] and [6] , where the authors used exponential DOS for deep trap states and constant DOS for transport band. In a TFT below threshold, the Fermi level is in the energy range corresponding to the deep localized states and
. Connecting with percolation theory [2] , the conductivity σ reads as
Here, n is the carrier concentration. Following the gradual channel approximation (GCA), the drain-current belowthreshold voltage in OTFTs with a channel length and width is given by
Here, V fb is flatband voltage, V ds is drain-source voltage. In above-threshold regime, all the deep localized states have been
. According to the percolation theory in [2] , the conductivity of the transistor channel is now calculated as
Hence, from the relation between I and V g and μ eff ∝ (∂I/∂V g ), one can derive
where C i is the insulator capacitance per unit area and Q t is the total deep states, and Q t = N t t i with t i denoting accumulation thickness. Defining V t = V fb + Q t /C i and using GCA, the current-voltage relationship in the above-threshold voltage can then be rederived as
Here, λ is the channel modulation parameter and V gt = V gs − V t . A unified expression for the current from below threshold to above threshold can be formulated by introducing the transition function as 1/(1 + exp(−(V gs − V t ))), and the resultant equation is
B. Terminal Charge and Capacitance Models
Analytical models for the terminal charges that are required for transient-mode simulation are presented in this part. Here, we neglect the channel-length modulation. The total charge on the gate electrode Q g may be obtained from
where V (x) is the potential along the channel at the position x. Equation (11) is not very easy to integrate with respect to the position x. To accomplish this integration, the above-threshold drain-current equation relating to V (x) is written as
Then, (12) is rewritten as
Equation (13) is first integrated from zero to x and then integrated from zero to L. Expressing as ratio the two results yields this following relation [7] :
Differentiating (14) makes
Now, we change the integration variable on (11), and it is rewritten as
Substituting (15) into (16) gives
The charge on the drain side is then evaluated, according to Ward's charge-partitioning scheme [8] , Q d reads as
As before, changing the variable of integration and substituting (11) into (18) yield
where The neutrality requirement demands that the total charge in the transistor should be always zero. This requirement is used for calculation of the source charge Q s as
Finally, the transcapacitances are now evaluated as the partial derivatives of the charges with respect to the terminal potentials, i.e.,
where i and j denote the transistor terminals G, D, or S. The negative sign is used when i = j, otherwise the positive sign is used.
III. RESULTS AND DISCUSSION
The model has been validated by comparison with experimental data. Pentacene transistors with L = 5 m and W = L = 560 m with gold bottom gate, gold bottom source and drain contacts, and an organic dielectric were fabricated on plastic PEN foil. They were characterized using an Agilent 4156C parameter analyzer. The transfer characteristics of the transistors are measured in linear (V ds = −2 V) and saturation regime (V ds = −20 V) by sweeping V gs . The output characteristics are obtained by sweeping V ds between 0 and −20 V and V gs between 0 and −10 V at room temperature. Fig. 2(a) shows the modeled transfer curves (lines) compared with the experimental data (symbols). Comparison between simulation results (lines) and the measurement data (symbols) for output characteristics is shown in Fig. 2(b) . The input parameters are 2T 1 /T = 2.04, 2T 0 /T = 7.96, and λ = 0.04. Fig. 3(a) shows the comparison between the measured and simulated data of the conductance of this device.
Furthermore, the relation between transcapacitance and drain voltage V d is shown in Fig. 3(b) .
Finally, we implemented the compact model presented earlier into SPICE and simulated an inverting amplifier using drain-gate shortcut of the load transistor, as shown in Fig. 4(a) . The transistor sizes are T 1 : W/L = 280 μm/5 μm and the load transistor T 2 : W/L = 140 μm/5 μm. The inverting amplifier is simulated using V dd = −20 V and V ss = 0 V. The comparison between simulation and experimental data is shown in Fig. 4(b) .
IV. CONCLUSION
To conclude, in this letter, a compact model for OTFTs has been presented. The model accounts for the below-threshold and above-threshold operating conditions through a single formula. Furthermore, the explicit definition of threshold voltage is given. Good agreement between calculation and the experimental data is found. The application of this compact model on circuit simulation is also discussed. Simulation of an inverting amplifier shows good characteristics and agrees well with experimental data.
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